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ABSTRACT 
CHARACTERIZATION OF THE BURSICON-MEDIATED PATHWAY FOR MEMBRANE 
PERMEABILITY ENHANCEMENT IN THE AMERICAN COCKOOACH, 
Periplaneta americana 
David Alan Compton, M.S., Virginia Commonwealth University, 1979 
Major Director: Dr. Richard R. Mills 
The presence of an adenyl cyclase system within the haemocyte 
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of Periplaneta americana has been confirmed by previous investigations, 
with corresponding experiments using dibutyryl cyclic AMP to show 
enhancement of 14c-tyrosine uptake into the cuticle linked to 
stimulation of the sclerotization process. 
In the present studies, American cockroaches held at depressed 
temperatures were treated with bursicon, revealing an increase in 
haemocyte cyclic AMP concentrations. The levels declined with 
progression of time, probably resulting from enzymatic hydrolysis. 
When animals which had been held at room temperature were 
treated with bursicon, the levels of haemocyte cyclic AMP were 
lowered, with a declination to sub-control levels with time progress-
ion. These results were' duplicated using dihydroxyphenylethylamine 
(dopamine) and isobutylmethylxanthine in the treatment medium. 
Analysis of haemocyte protein binding by cyclic AMP revealed 
large amounts bound by proteins greater than sixty.thousand daltons. 
Any remaining cyclic AMP was either unbound or converted to one 
of several metabolites. Inhibition of phosphodiesterase by removal 
of a sulfhydryl protecting agent and addition of EDTA caused a net 
decrease in protein bound label and an increase in intact cyclic 
AMP recovered from the reaction. Bursicon added to the reaction 
caused a slight depression of the binding reaction, presumably 
due to competition by native cyclic AMP. 
The addition of dibutyryl cyclic AMP to haemocyte preparations 
resulted in net increases in uptake of tyrosine and leucine into 
the cells as a function of the dibutyryl cyclic AMP concentration. 
The levels of uptake were enhanced corresponding to each concen­
tration level of dibutyryl cyclic AMP , but did not maintain their 
rapid uptake rates over an extended time course. 
Results present�d in this work indicated that the mode of 
action of bursicon is via adenyl cyclase activation and resultant 
cyclic AMP production. Rapid binding reactions to enzymes such 
as phosphodiesterase and protein kinase appear to regulate the 
actions of cyclic AMP in the haemocyte. 
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INTRODUCTION 
The experiments discussed within this thesis were an attempt 
to ascertain the mode of action of bursicon, the hormone mediating 
the sclerotization process in insects. 
Sclerotization of tne soft white exoskeleton ( cuticle) of 
a newly moulted cockroach results in the formation of a hard 
brown cuticle which protects the cockroach from predators and 
environmental events. 
The sclerotization process involves the cross-linking of 
proteins in the cuticle. The cross-link is provided by quinone 
compounds known to be products of enzymatic reactions involving 
tyrosine. 
Tyrosine is hydroxylated to form dihydroxyphenylalanine, 
which is then decarboxylated to form dihydroxyphenylethylamine. 
Dihydroxyphenylethylamine is acetylated to form N-acetyldihydroxy­
phenylethylamine, the primary sclerotization agent. This diphenol 
is transported to the cuticle, where it is oxidized to. form a 
diquinone, These compounds then link with amino acids in protein, 
usually via a terminal amino group or those associated with dibasic 
amino acids such as lysine. 
LITERATURE REVIEW 
Control of ecdysis and the sclerotization process has been the 
topic of extensive review (Karlson, 1956; Gilbert and Schneiderman, 
1961; Williams, 1952; Wigglesworth, 1954; 1957; 1959; 1965; Hikino and 
Hikino, 1970). The ecdysial sequence was shown to be initiated by a 
substance elaborated by the prothoracic gland. The substance was 
subsequently termed ecdysone (Fraenkel, 1935; Fukuda, 1940). 
Following exhaustive investigation, ecdysone was isolated and 
was observed to possess the cyclopentanophenanthrene nucleus which 
is characteristic of steroid compounds. Further investigation revealed 
the complete structure to be a derivative of cholesterol (figure 1) 
(Karlson and Shaaya, 1964; Karlson et al., 1965; Huber and Hoppe, 
1965; Goldbraith et al., 1975). As a result of their inability to 
synthesize sterols, insects.have a dietary requirement for cholesterol. 
This compound is obtained directly from the food sources of carnivorous 
insects and by metabolism of plant sterols to cholesterol via dealkyl-
ation in phytophagous insects.(Thompson et al., 1973). 
Various external factors stimulate neurosecretory cells in the 
brain (figure 2) to produce ecdysiotropin (brain hormone), .which in 
�urn stimulates the prothoracic gl�nd to produce ecdysone (Williams, 
1942; 1946; 1947; Wigglesworth, 1951; 1952a;b). It has been observed 
that the ac.tivi ty of ecdysiotropin is directly related to intensified 
protein synthesis in the cells of the prothoracic gland. Extrapolation 
of this data led to the hypothesis that the intensified protein 
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Figure 1. Representation of the molecular structure of ecdysone. 
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Figure 2. A diagram of the nervous systems of Periplaneta americana. 
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synthesis corresponded to production of enzymes for synthesis of 
ecdysone and manufacture of ecdysone binding proteins (Butterworth and 
Berenedes, 1974). However, some investigators believe that there is 
no· specific evidence for binding of ecdysone to carrier proteins, and 
thus prefer to envision it as a free molecule upon secretion into the 
haemolymph (Gilbert, 1974). 
More recent experimentation has revealed that alpha-ecdysone, the 
form produced in the prothoracic gland, is primarily a prohormone, 
with its chief hormonal activities being in the control of puparium 
formation. However, alpha-ecdysone is rapidly converted to beta-
ecdysone via C-20 hy�roxylation by many tissues. Beta-ecdysone is 
the more active form of the hormone, generally involved in the control 
of growth and development (Gilbert,1974; Young and Young, 1976). 
These data have led to the use and acceptance of the term "ecdysone" 
to mean either or both of the hormonal forms. 
Intense experimentation has led to the determination of the mode 
of action of ecdysone (Karlson and Sekeris, 1962a;b; 1966a;b; Sekeris 
6 
and Karlson, 1962; 1966; Congote et al., 1969; Fraenkel and Hsiao, 1967; 
Fraenkel et al., 1972; Nijhout,1976). An increase in ecdysone titer 
causes alteration of the major pathway of tyrosine metabolism in 
insects. The route of metabolism changes from the intermoult transamin-
ation pathway to produce parahydroxyphenyl-proprionic acid (Murdock et 
al., 1970a), to the alternate pat�way resulting in the production of 
N-acetylphenylethylamine (N-acetyldopamine) (Karlson and Herrlich, 
1965; Hopkins et al., 1971) (figure J). This shift results from a 
dramatic rise in dih:ydroxyphenylalanine (IOPA) decarboxylase activity, 
a phy9iological event which has been linked to the increase in the 
Figure }. The alternate pathway of tyrosine metabolism resulting 
in the production of N-acetyldopamine. 
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titer of ecdysone (Karlson and Sekeris, 1962b; Shaaya and Karlson, 
1965; Shaaya and Sekeris, 1965). It has been demonstrated directly 
that the ecdysone-linked rise in DOPA decarboxylase activity is due 
to hormonal stimulation of de novo enzyme synthesis (Fragoulis and 
Sekeris 1975a). Although the proof offered from those experiments 
is strong (DOPA decarboxylase was identified by immunoprecipitation 
and co-migration with the pure enzyme using gel electrophoresis), the 
fact that.the amount of translatable DOPA decarboxylase messenger RNA 
was three to four times higher under ecdysone treatment could result 
from activation of preformed messenger RNA instead of inducement of 
specific messenger RNA synthesis (Fragoulis and Sekeri� 1975b). 
However, ·the inducement of specific messenger RNA synthesis by selec­
tive derepression, conforming to the model of Jacob and Monod (1961), 
is still the popular view of the activity of ecdysone (Sekeris and 
Karlson, 1964; Sekeris, 1965; Sekeris and Lang, 1964). This view 
parallels the widely accepted theory that steroid hormones travel 
through their medium to their target cells where they are transported 
to the cytoplasm and bound by a carrier protein. Once bound, the 
hormone-carrier complex probably undergoes transformation to a form. 
capable of entry into the nucleus. Once inside the nucleus, the 
complex exerts its action by activation of specific genes (O'Malley 
and Schrader, 1976). 
Ecdysone activity is altered
, 
by a compound secreted from the 
corpus allatum (Wigglesworth, 1954; Williams, 1961). This compound, 
known as juvenile hormone, seems to restrict the flow of new genetic 
information to the cytoplasm at ecdysis, thus allowing moulting and 
growth without subsequent maturation (Williams, 1961). 
9 
Between the times that ecdysiotropin is released to act upon the 
prothoracic gland and cause ecdysis,. juvenile hormone is believed to 
cause low-level secretion of ecdysone in an effort to maintain.the 
concentrations of both compounds necessary for normal tissue growth 
( Schneiderman and Gilbert, 1964 ) . This reveals that not only is 
juvenile hormone acting at the nuclear level to modify the effects of 
ecdysone, it is also acting upon the source of the hormone to control 
release and subsequent activity. 
Thus, it is evident how the levels of ecdysiotropin and juvenile 
hormone influence the activity of ecdysone, establishing a complex 
physiological relationship gover,ning the formation of the tanning 
10 
agent, N-acetyldopamine. However, the actual tanning ( sclerotization ) 
sequence is not directly under the control of these hormones, but 
under the control of another blood-borne factor released in the post­
ecdysial period ( Fraenkel, 1962; Cottrell, 1962b) . Release of this 
factor was found to be controlled by the brain, thus leading one to 
sumise that tanning is under both hormonal and nervous control ( Cottrell, 
1962a;b; Fraenkel and Hsiao 1962 ) . 
Since early investigations were carried out utilizing the blow­
fly, Calliphora erythrocephala, it was quite possible that the findings 
were only valid in that particular organism. However, in a timely 
series of experiments, Fraenkel and Hsiao ( 1965) obtained a hormone 
from the haemolymph of Periplaneta americana, Tenebrio molitor, 
Phormia regina, and Sarcophaga bullata which induced tanning in their 
original organism, Calliphora erythrocephala. The results from this 
experiment indicated that although the method of tanning initiation 
may vary among genera, the hormone mediating the process elicits 
11 
definite cross- reactivity among a myriad collection of insect orders. 
In the american cockroach, Periplaneta americana, the tanning 
factor was localized in the seventh and eighth abdominal segments, 
more precisely in the terminal abdominal ganglion (Mills, Mathur, and 
Guerra, 1965), a finding which corresponds to the findings of Fraenkel 
and Hsiao (1963), who determined that the central nervous system of 
insects was involved in the tanning process. Further laboratory 
investigations by Mills ( unpublished ) and Grillot et al. (1976), have 
indicated that the actual release of the hormone is not direct- from 
the terminal abdominal ganglion, but via several neurohaemal organs 
in close association with the last ganglia. 
Once elaborated, the hormone is dispersed by the haemolymph to 
all other parts of the insect. Fraenkel and Hsiao ( 1963) and Mills 
(1965) found the hormone to be present throughout the nervous systems 
of Periplaneta. However, the segments of nervous tissue other than 
the terminal abdominal ganglion and associated tissues have no ability 
to release the hormone, thus establishing the importance of the 
terminal abdominal ganglion in overall control of the tanning process. 
Fraenkel and Hsiao (1965) showed that the tanning hormone (termed 
bursicon ) was released shortly after ecdysis. Their experiments reveal 
the presence of bursicon two to three minutes post-ecdysis, with a 
maximum level in the haemolymph occurring thirty to sixty minutes 
later. All measurable activity di�appeared after ten hours. In the 
american cockroach, Mills (1966) found bursicon to be present in 
detectable amounts ten to twenty minutes post-ecdysis, with a maxi­
mum activity level occurring at ninety minutes post-ecdysis. During 
this series of investigations, it was also found that bursicon levels 
in the haemolymph of Periplaneta undergo ·a gradual declination until 
eight hours post-ecdysis, when no further activity is detectable. 
Due to the findings of Fraenkel and Hsiao ( 1962) and Cottrell 
(1962) that the brain initiates the tanning process, it was felt that 
release of bursicon was under nervous control. Subsequent investiga­
tions conducted by Mills ( 1967) revealed that stimuli carried 
. posteriorly through the central nervous system were responsible 
for bursicon release, with stimulation of the stomatogastric nervous 
system eliciting little or no effect in release of bursicon. 
Similar studies by Srivastava and Hopkins (1975) indicate that 
bursicon release cannot be attained via mechanical means such as 
premature removal of the cuticle, but only as a consequence of cutic­
ular shedding in conjunction with other ecdysial events. Therefore, 
once shedding of the cuticle has been effected, bursicon release 
appears to occur as a result of stimuli carried through the ventral 
nerve cord. These stimuli are propagated from thoracic receptors 
which receive impulses as the dorsal split widens for emergence 
( Srivastava and Hopkins, 1975). 
Fox and Mills (1971) �sed differential incorporation of leucine 
and tyrosine into cuticle and haemolymph proteins as a method of 
determining the activity of tyrosine in the tanning process. After 
12 
two hours, the incorporation of labelled leucine into protein declines 
significantly while the rate of ty�sine incorporation remains steady 
for six more hours. Since Ammon and Karlson (1964) found that tyrosine 
was converted to N-acetyldopamine, the primary sclerotization agent, 
and subsequently transported into the cuticle, Mills and Fox determined 
that instead of experiencing rapid and complete incorporation into 
13 
proteins, the majority of tyrosine was probably metabolized to 
N-acetyldopamine and other diphenols found during the tanning process. 
Whitehead (1970) demonstrated that the haemocytes were involved 
in the initial reactions to synthesize N-acetyldopamine from tyrosine. 
Further experimentation by Whitehead and Mills ( unpublished ) revealed 
that the complete biosynthesis of N-acetyldopamine was carried out in 
the haemolymph and was stimulated when the haemolymph preparation was 
treated with material extracted from the terminal abdominal ganglion. 
Of particular importance was the realization by Mills and Whitehead 
(1970) that bursicon_mediated the permeability of haemocytes to 
tyrosine. This work was confirmed by Post (1972) showing that addition 
of bursicon to haemolymph preparations stabilized with 10-4 molar 
sodium diethyldithiocarbamate, a non-specific tyrosinase inhibitor, 
resulted in increased uptake and conversion of tyrosine as a function 
of bursicon levels. 
Ecdysial tyrosine levels may become elevated via cleavage of 
circulating storage forms, probably arising from sources other than 
the diet, thus providing the increased amounts of tyrosine utilized 
by the haemocytes under the mediation of bursicon ( Junnikkala, 1976). 
However, the active transport of tyrosine into the haemocyte is 
essential in the generation of the sclerotization agent. It has been 
shown that enzyme systems for the ,conversion of tyrosine to DOPA 
( dihydroxyphenylalanine) and dopamine ( dihydroxyphenylethylamine ) 
exist in· the haemocyte, but the synthetic mechanisms for the actual 
sclerbtization agent, N-acetyldopamine, do not appear to be correlated 
to the release of bursicon ( Mills et al., 1967). Correspondingly, both 
14 
haemolymph and cuticular phenoloxidases have been examined experiment­
ally, and it has been determined that bursicon release does not exert 
control over pre-ecdysial activation or synthesis of these enzymes 
(Mills et al., 1968). 
Another possible role of bursicon is in the generation of the 
protein components of the cuticle. Potential haemolymph precursors 
bind to N-acetyidopamine to form protein bound phenol complexes. It is 
these protein bound phenols which are transported to the cuticle and 
subs�quently involved in a cross-linkage bond to form the matrix of 
the insoluble exoskeleton (figure 4). 
In this area, Fogal and Fraenkel (1969) observed enhancement of 
leucine uptake into the epidermal cells following treatment with a 
bursicon preparation. However, in an effort to determine the mode of 
action of bursicon in regard to the leucine uptake, Fogal and Fraenkel 
(1969) treated the epidermal cells of Periplaneta with labelled uridine. 
Their investigations revealed that there was little or no effect exerted 
by bursicon on uridine uptake, thus precluding any possibility of RNA 
s ynthesis under the influence of the hormone. An interesting note is 
that recent work by Trepte (1976) showed bursicon to be an inducer of 
puff formation in the tormogen cell chromosomes of Sarcophaga bullata. 
These data could indicate that bursicon may be acting on the epidermal 
cell to enhance permeability to leucine but not to nucleosides. It also 
brings to mind· the question of whether the chromosomal puff formation 
could be induced by a second messenger acting on the nucleus, while at 
the same time effecting differential transport of molecules across 
the plasma membrane. 
Figure 4. Diagrammatic representation of the cross-linking of 
proteins in the cuticle of Periplaneta americana, 
utilizing diquinones to form the cross-link. 
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To resolve such questions, one needs to examine the second 
messenger system in the light of bursicon's "actions". 
Adenyl cyclase, the formative enzyme for adenosine J',5'-cyclic 
phosphate (cyclic AMP) (figure 5)., has been observed in cockroach 
haemocytes, with a correlative suggestion that bursicon may stimulate 
an adenyl cyclase receptor on the cell with resultant cyclic AMP 
mediated changes in haemocyte physiology (Vandenberg and Mills, 1974; 
1975). In vivo experimentation has revealed that cyclic AMP will 
cause normal tanning in the same manner as that of bursicon (Von Knorre 
et al., 1972; Vandenberg and Mills, 1974; Fraenkel et al., 1977). 
Fraenkel et al. (197?) observed that when exogenous cyclic AMP was 
introduced to the organism, tanning proceeded at a rate which was 
accelerated in comparison to the controls. Similar studies have found 
the adenyl cyclase system and its product to be very active during the 
larval-adult moulting cycle and in inducement or activation of a 
hyperglycemic factor in orthoptera (Achazi et al., 1977; Hanaoka and 
Takahashi, 1977). 
Von Knorre et al. (1972) suggested that cyclic AMP acts as a 
permeability enhancement hormone. Vandenberg and Mills (1974) forwarded 
a similar hypothesis following independent experimentation. They feel 
that cyclic AMP could be acting as a second messenger in the insect 
haemocyte, resulting in membrane permeability enhancement. 
The basis for adenyl cyclase activation by peptide hormones has 
been provided by extensive investigation utilizing glucagon (Takeda 
and Ohga, 197J; Sudilovsky, 1974), vasopressin (Ferguson and Twite, 
1974), and other peptides (Krebs, 1973). It should be noted that 
insulin, a peptide hormone itself, does not exert its action via 
18 
Figure 5. The mechanism of formation of adenosine 3',5'-cyclic 
monophosphate by adenyl cyclase in the presence of Mg++ ion. 
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adenyl cyclase activation, but rather by the regulator of cyclic 
AMP levels, cyclic nucleotide phosphodiesterase (Loten and Sneyd, 1970; 
Manganiello and Vaughan, 1973; Kono et al., 1975; Senft et al., 1968). 
This revelation sets a requirement for a thorough investigation of the 
activity of bursicon to ascertain whether its stimulation is of the 
adenyl cyclase· enzyme system or of the production of phosphodiesterase. 
21 
MATERIALS AND METIDDS 
The Effects of Bursicon on the Production of Cyclic AMP 
The effects of dibutyryl adenosine J' ,5'-cyclic phosphate ( dibutyryl 
cyclic AMP ) on the tanning process have been shown to occur in the 
same manner as those of the tanning hormone, bursicon ( Vandenberg and 
Mills, 1974). The purpose of the following series of experiments was 
to ascertain whether bursicon was eliciting its effects via adenyl 
cyclase activation, or. by other means. 
Animals utilized throughout this work were Periplaneta americana, 
with both adult and late-instar larval forms maintained in glass/screen 
aquaria at constant temperature. The animals were allowed access to 
fresh water and a diet consisting of Purina laboratory chow ad libitum. 
Preparation of the Hormone Extract 
Approximately thirty late-instar larvae were sequestered in 
lubricated beakers and chilled to depress activity. When anaesthesia 
was sufficient, individual animals were removed, decapitated, and 
relieved of their abdominal cuticle and adhering tissues. The abdominal 
segment was retained, allowing disposal of the remaining carcass. 
The abdominal segment was ca�efully scraped of all fat body and 
adhering tissues, leaving the ventral nerve cord exposed. The nerve 
cord with all ganglia attached was removed and placed in polyallomer 
microfuge tubes reserved on ice. Each tube contained 100 microliters 
of 0.001 �potassium phosphate buffer (pH 6.8) containing 10-4 � 
di thioerythri tol. Approximately fifteen nerve cords were placed 
in each microfuge tube for processing. 
The nerve cord preparation was centrifuged in a Beckman 152 
microfuge placed in a cold room at four degrees Celsius. The tubes 
were centrifuged at 15,000 x g for five minutes, and then removed 
to allow homogenization of the contents with a glass rod. When the 
mechanical homogenization was complete, the tubes were centrifuged 
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once more at 15,000 x g for five minutes. The supernatant was decanted 
and reserved on ice. The resulting pellet was washed with 100 micro-
liters of the aforementioned buffer preparation and centrifuged at 
15,000 x g for five minutes. The supernatant was combined with that 
resulting from the previous treatment. 
The combined supernatants were chromatographed on a 0.5 x 15 em. 
P-30 polyacrylamide gel column (Bio-Rad) , utilizing 0.001 �potassium 
phosphate buffer (pH 6.8) containing 10-4 � di thioerythri tol as the 
eluting medium. Protein concentrations of the fractions were determined 
by ultraviolet analysis on a Perkin-Elmer Coleman 124-D double beam 
spectrophotometer. Material from the first protein peak corresponding 
to the results of Mills and Lake (1966) was combined and concentrated 
to one-tenth of its original volume on a Virtis freeze drier. 
Material from this region was shown to have the greatest amount of 
hormonal activity by the investiga;t_ions of l1ills and Lake ( 1966) and 
Mills and Nielsen (1967). The hormonal preparation was divided, with 
orie half being utilized in that day's experimentation, and the other 
half being frozen for use eighteen to twenty hours later. 
Assay for the Presence of Adenosine 3',5'-Cyclic Phosphate-I 
Animals were selected and grouped in fours. Adult and larval 
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forms were segregated as were adults of differing gender. The containers 
of animals, both control and experimental, were then placed into an ice 
bath and chilled for thirty minutes in an effort to induce anaesthesia. 
Once anaesthesia was sufficient to inhibit mobility, the experi­
mental animals were injected abdominally with fifty microliters of the 
concentrated hormone preparation utilizing a Hamilton microliter 
syringe. At the end of the injection procedure, each animal was 
subjected to abdominal manipulation in an effort to disperse the 
hormone. When the injection and subsequent manipulation were completed, 
each animal was returned to the container immersed in ice. Incubation 
times observed' were one, two, three, or five minutes. 
At the end of the prescribed incubation period, the animals were 
removed from the ice bath and bled via a femoral incision. HaemolY,ffiph 
was collected in capillary tubes precalibrated to fifty microliters. 
When the haemolymph was obtained in sufficient amounts, the capillary 
tubes were purged into polyallomer microfuge tubes placed in an ice 
bath. One hundred microliters of haemolymph were placed in each tube. 
Haemolymph contained in the microfuge tubes was subsequently 
deproteinized using acidic ethanol in the ratio of two parts acidic 
ethanol to one part haemolymph, producing a final volume of three 
hundred microliters in the polyallomer tube. This preparation was 
thoroughly vortex-mixed and allowed to stand at room temperature for 
five minutes to facilitate protein coagulation. 
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The haemolymph-acidic ethanol mixture was centrifuged at 15,000g 
for five minutes in a Beckman 152 microfuge kept at a constant room 
temperature of four degrees Celsius. Supernatant from the centrifuga­
tion was decanted and reserved, with the resultant pellet being washed 
with two hundred microliters of ethanol-water (2:1 v/v ) and centrifuged 
as before. Both supernatants were combined and evaporated to dryness 
at fifty-six degrees Celsius under a stream of filtered dry nitrogen. 
The resulting residue was dissolved in 250 microliters of 0.05!:! 
tris buffer ( pH 7.5 ) containing four millimolar ethylenediaminetetra­
acetic acid ( EDTA ) . Once reconstituted, the solution was used directly 
in the competitive protein binding assay for cyclic AMP. The assay. 
materials were contained in kit form from Amersham Corporation. The 
method of the assay is based on the procedures delineated by Gilman 
( 1970 ) and Brown et al. ( 1971) . 
Assay II for the Presence of Adenosine 3' ,5'-Cyclic Phosphate 
The second assay procedure followed all methods previously delin� 
eated for cyclic AMP assay I, with the exception of the temperature 
criteria. Animals utilized in assay II were kept at normal room 
temperature, rendering them quite active for all procedures. 
Haemolymph was collected and treated as in assay I, with the 
actual assay for cyclic AMP content being performed via the competitive 
protein binding method. 
Assay III for the Presence of Adenosine J' ,5'-Cyclic Phosphate 
All procedures were ·can.jed out as in cyclic AHP assay II, however, 
fifty microliters of 10-
4 M dihydroxyphenylethylamine (dopamine ) 
hydrochloride were injected into the experimental animals in place 
of the hormone preparation. 
Haemolymph was collected and treated as delineated in cyclic AMP 
assay I, with the assay for cyclic AMP content being performed via the 
competitive protein binding assay. 
Assay IV for the Presence of Adenosine 3',5'-Cyclic Phosphate 
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All procedures were carried out as in cyclic AMP assay II, with 
the injection of fifty microliters of 10-
4
M J-isobutyl-1-methylxanthine 
into the animals at fifteen minutes prior to bursicon injection. 
Isobutylmethylxanthi�e is a potent inhibitor of cyclic nucleotide 
phosphodiesterase, and also a competitor of cyclic AMP for the binding 
site on the protein utilized in the assay. Both animal groups received 
the inhibitor in an effort to correlate altered control and experimental 
readings due to the inhibitor. 
The Effects of Cyclic AMP on Various Molecules 
Within the Haemocyte 
Assay for the Binding of Cyclic AMP to Haemocyte Proteins 
Animals were grouped in fours and classified as adult male, adult 
female, or nymph (intermoult ) . While at room temperature, the animals 
were bled via a femoral incision, with fifty microliters of haemolymph 
being collected in precalibrated Gapillary tubes. 
When collected, the haemolymph was dispersed in a polyallomer 
microfuge tube containing one hundred microliters of cold 0.001 � 
potassium phosphate buffer (pH 6.8) containing 10-4M dithioerythritol. 
When a uniform dispersion of buffer and haemolyrnph had been 
attained, 0.25 microcuries of 8-JH-anenosine J',5'-cyclic phosphate 
(Amersham Corporation) was added to the tube. ·Following addition of 
the isotope, the cells were lyse� by centrifugation at 15,000 x g for 
three minutes, followed by homogenization of•the pellet in the tube 
utilizing a glass rod. Upon completion of the homogenization step, 
the cells were incubated for periods of two, five, and twenty minutes 
at a temperature of 37 degrees Celsius. 
When the required incubation time was complete, the cell suspen-
sion was centrifuged for five minutes.at 15,000 x g. The supernatant 
from the final cent�fugation was chromatographed on a 0.5 x 15 em. 
P-60 polyacrylamide gel column (Bio-Rad) with 0.001 �potassium 
phosphate buffer (pH 6.8) containing 10-4 � dithioerythritol.as the 
eluting medium. Fractions were collected with a volume of 0.5 ml 
each. 
An aliquot (0.1 ml) of each fraction was removed and counted in 
a Beckman 18-250 liquid scintillation counter, with eight milliliters 
of PCS scintillation cocktail (Amersham Corporation) as the counting 
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medium. Protein content of each fraction was determined by ultraviolet 
analysis. 
The pellet resulting from the previous centrifugation was placed 
in one milliliter of two normal sodium hydroxide and allowed to remain 
in.� at 100 degrees Celsius for twelve hours. Upon completion 
of the time period, hydrolysis of the sample was determined to be 
complete. The resulting hydrolysate was neutralized with four milli­
liters of Bio-Solv'BB8-2 (Beckman) and counted as described above. 
Fractions which were found to possess the greatest amount of 
radioactivity were combined with regard to protein_concentration and 
fraction number. These combined fractions were then lyophilized to 
one one-hundredth of their volume. The concentrate was then chromate­
graphed on Whatman number one chromatography paper utilizing an 
ethanol;ammonium acetate medium (3:7 v/v ) to distinguish between the 
adenine nucleotides. Known compounds were co-chromatographed to aid 
in identification of the unknowns. 
Assay for Bursicon-Hediated Cyclic AMP Binding to Haemocyte Proteins 
Techniques ca�ed out in this assay were identical to those 
described in the previous assay, except that bursicon was prepared 
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as delineated previously and added to the cell homogenate. Assay steps 
to quantify binding of the label and identification of metabolites were 
as previously described. 
Assay for Cyclic AMP Binding with Phosphodiesterase Inhibited 
Procedures carried out in this assay were identical to those 
described in the previous assay for cyclic AMP binding, however, the 
potassium phosphate buffer containing dithioerythritol was no longer 
used. In its place, 0.05 M tris buffer (pH 7.5) containing four 
millimolar EDTA was utilized. The removal of the dithioerythritol 
from the buffer system as well as the addition of EDTA was an attempt 
to inhibit the activity of cyclic nucleotide phosphodiesterase. The 
subsequent assay steps to quantify binding of the label and identify 
any metabolites were·as prev1ously described. 
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The Effects of Dibutyryl Cyclic N1P on Uptake of Aromatic and Aliphatic 
Amino Acid-Representatives into the Haemocyte 
Dibutyryl Cyclic N1P Actions on Tyrosine Uptake into the Haemocyte 
Animals were grouped in fours (interecdysial animals only) and 
injected with twenty microliters of 10-4M sodium diethyldithiocarbamate 
' 
-
in 0.001 _!i potassium phosphate buffer (pH 6 .8). Fifteen minutes post 
injection, the animals were bled via a femoral incision. Precalibrated 
capillary tubes were used to collect the haemolymph. 
When fifty microliters of haemolymph had been obtained, the 
total volume was expe;lled into a polyallomer microfuge tube retained 
in ice. At this point, 0.5 microcuries of UL-14c-tyrosine and 
sufficient dibutyryl cyclic AMP to produce the desired molarity of 
-4 -J - 2 either 10 , 10 , or 10 molar was added to the tube. Upon addition 
of all materials, the tube was incubated at J? degrees Celsius for 
either thirty seconds, one minute or three minutes, depending upon the 
expe_riment. 
At the termination of the incubation step, the cell preparation 
was centrifuged at 5,000 x g for thirty seconds. The supernatant was 
decanted and reserved, with the resulting pellet being hydrolyzed in 
one milliliter of two normal sodium hydroxide for twelve hours. The 
hydrolysis temperature was 100 degrees Celsius. The hydrolysate was 
neutraliz-ed with four milliliters of Bio- Sol v BBs- 2 and counted as 
previously delineated. Control experiments (without dibutyryl cyclic 
AMP) were run concurrently. 
All isotopes utilized in this study were obtained from the 
Amersham Corporation. 
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Dibutyryl Cyclic AMP Actions on Leucine Uptake into the Haemocyte 
All procedures followed in this study were as delineated in the 
previous uptake study which utilized tyrosine. However, in this study, 
UL-14c-leucine was substituted for the UL-14c-tyrosine used previously. 
All isotopes used in this study were obtained from the Amersham Corp-
oration. 
RESULTS 
The Effects of Bursicon on the Production of Cyclic AMP In Vivo 
In the initial set of experiments, animals were subjected to 
anaesthesia by lowering their body temperature to a level sufficient 
for inhibition of activity. As was noticed later, this level was 
probably sufficient for inhibition of binding of cyclic AMP to its 
receptor site on certain proteins. In the one minute incubation 
using low temperature anaesthesia, the level of cyclic AMP produced 
was shown to be approximately eight to ten times·the level present in 
those animals from which the bursicon treatment was witheld. However, 
in those animals subjected to longer periods of incubation, it was 
observed that the amounts of cyclic AMP detectable suffered a gradual 
decline until only minimal increases over basal levels could be 
detected (figure 6). 
In an effort to remove any temperature-induced inhibition of 
adenyl cyclase, a second series of ·experiments were undertaken. 
In these experiments, the animals were allowed to remain at room 
temperature for the entire series of manipulations. 
This maneuver resulted in cyclic AMP levels close to the base-
line level being observed in the one minute incubation series, with 
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longer incubations giving rise to cyclic AMP levels which were actually 
below those of the control animals (figure 7). This phenomenon would 
seem to result from either stimulation of phosphodiesterase activity 
1 2 3 
MINUTES 
Figure 6. Graphical depiction of p_!:! cyclic AMP produced by haemocytes 
under the influence of bursicon plotted versus time for the 
temperature depressed reactions. SD=J.5 p� 
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Figure 7. Graphical depiction of p� cyclic AMP produced by haemocytes 
under the influence of bursicon plotted versus time for the 
non-depressed temperature reactions. SD=0.17 p� 
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5 
by bursicon, or from the direction of cyclic AMP to allosteric enzyme 
binding sites by bursicon. Both functions could show a significant 
amount of inhibition in the presence of temperature depression. 
To ascertain whether or not these assumed roles for bursicon were 
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valid, a subsequent experiment was performed for comparison. The assay 
utilized all procedures from the room temperature experiment, with the 
substitution of 10-4.!:! dopamine hydrochloride in the place of the 
bursicon preparation. The dopamine, a proven stimulator of adenyl 
cyclase, should show only an increase in cyclic AMP production if the 
activities assigned to bursicon were specific for that hormone or for 
the peptide hormone group in general. 
-4 The results obtained using 10 .!:! dopamine revealed levels of 
cyclic AMP close to those of the control in the one minute incubation, 
with levels in the animals exposed to the dopamine for longer periods 
of time being lower than those observed in the control animals 
(figure 8). 
In a final attempt to determine the answer as to whether bursicon 
or cyclic AMP was influencing the activity of the cyclic AMP binding 
factor, addition of� structural analog of cyclic AMP was attempted. 
The animals were injected with isobutylmethylxanthine, a potent 
inhibitor of cyclic AMP phosphodiesterase, fifteen minutes prior to 
bursicon injection. This compound interferes with the protein binding 
assay for cyclic AMP, thus all va�ues observed in the results were 
higher than in animals without the inhibitor. 
Those animals receiving the inhibitor should have shown increased 
levels of free cyclic AMP over the controls due to the binding of all 
endogenous phosphodiesterase prior to bursicon treatment ( figure 9). 
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Figure 8. Graphical depiction of pJ:! cyclic AMP produced by haemocytes 
under the influence of qursicon plotted versus time for 
reactions utilizing dopamine ( dihydroxyphenylethylamine 10-4.!:!) 
in place of bursicon to elicit the response. SD=0.092 p� 
Figure 9. The mechanism .of action of cyclic nucleotide phosphodiesterase. 
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However, the results of these experiments followed the sa�e pattern 
as the previous assays. The one minute incubation exhibited a level 
of cyclic AMP and inhibitor close to that of the control, and all 
subsequent incubations of lengthier duration showing a decrease in 
free cyclic AMP and inhibitor detectable (figure 10). 
Cyclic .AMP Binding to Haemocyte Proteins 
Cell preparations not treated with bursicon exhibited a large 
. amount of label in the first protein peak of the polyacrylamide gel 
chromatography fractions. Slightly larger amounts of label appeared 
in the late fraction� of the second protein peak, depicting those 
nucleotides not bound by larger molecules (figure 11). 
Paper chromatographic analysis with subsequent scanning for 
radioactivity revealed the major constituents of the late fractions 
to be adenosine-5'-monophosphate, adenosine, and in the twenty minute 
incubation, adenosine-5'-diphosphate (figure 12). 
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Bursicon added to the cell preparation resulted in slightly 
lower amounts of labelled cyclic AMP bound to molecules present in the 
first protein peak, possibly due to competition for binding sites by 
cyclic AMP induced via hormonal action. This caused larger amounts 
of label to be present in the late fractions of the second protein 
peak (figure 1J). 
Analysis of the fractions f�m the second peak revealed that 
the major metabolic products of the binding reaction were adenosine 
5'-monophosphate, and as before, adenosine-5'-diphosphate in the twenty 
minute incubation (figure 12). 
1 2 3 
MINUTES 
Figure 10. Gra phical depiction of p� cyclic AMP produced by haemocytes 
and isobutylmethylxanthine plotted versus time. SD=t.6 p� 
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Figure 11. Protein concentrations with the corresponding data for 
radioactivity for non-treated haemocyte protein bindin'g 
assays. SD=0.471 counts. 
* 
-•-•-•-•-•
- represents radio-
activity measured. 
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Figure 12. Representative radiochromatograph strip scans for: 
a. Untreated protein binding assay 
b. Bursicon treated protein binding assay 
c. Inhibited protein binding assay 
d. Twenty minute untreated protein binding assay 
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Figure 13. Protein concentrations with the corresponding data for 
radioactivity for bursicon treated haemocyte protein 
* 
binding assays. SD=Z.J counts • -•-•-•-•-•- represents 
radioactivity measured. 
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Removal of dithioerythritol, a protecting agent for the sulfhydryl 
groups necessary for p::::oper functioning of phosphodiesterase., coupled 
with the addition of EDTA, to inhibit the binding reaction of 
phosphodiesterase to nucleotides, resulted in an extreme decrease 
in the amount of label incorporated into the first protein peak. 
Accordingly, the late fractions of the second peak contained most of 
the labelled material (figure 14). 
Paper chromatographic analysis followed by scanning for radio­
activity revealed the label to be in the form of adenosine 5'-mono­
phosphate and adenosine 3' ,5'-cyclic phosphate, thus indicating that 
a degree of phosphod�esterase inhibition had been attained (figure 12). 
Effects of Dibutyryl Cyclic AMP on Uptake of Tyrosine and Leucine 
The incubation of haemocytes with labelled tyrosine resulted in 
a net uptake of the radioactive material into the cell during the 
first thirty to sixty seconds (figure 15) . There was little change 
in the level of tyrosine transported into the cell after sixty seconds. 
Addition of 10-4 fl dibutyryl cyclic AMP to the reaction mixture 
enhanced the transport of labelled material into the haemocyte (figure 
16), but the increased rate of tyrosine uptake followed the kinetic 
pattern set forth by the control. A similar enhancement, although 
greater in magnitude, was exhibited upon addition of 10-3M dibutyryl 
cyclic AMP (figure 17) and also upon addition of 10-2 fl dibutyryl 
cyclic AMP (figure 18). A composite graph is shown in figure 19 
as an illustration of the similarities of these different levels of 
tyrosine uptake. 
Figure 14. Protein concentrations with corresponding data for 
radioactivity for phosphodiesterase inhibited protein 
* 
binding assays. SD=1.29 counts . - • - • - • - • - • - • - represents 
radioactivity measured. 
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Figure 15. The uptake of 14c-tyrosine by haemocytes versus time---
control reaction. C0=�.997, SD=2408 counts 
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Figure 16. The uptake of 14c-tyro,sine by haemocytes versus time in the 
-4 presence of 10 molar dibutyryl cyclic �1P. CC=0.998 
SD= 1633 counts 
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Figure 17. The uptake of 14c-tyrosine by haemocytes versus time in the 
presence of 10-J molar'dibutyryl cyclic AMP. CC=0.797 
SD=194B counts 
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Figure i8. The uptake of 14c-tyro�ine by haerriocytes versus time in the 
presence of 10-2 molar dibutyryl cyclic Al1P. CC=0.944 
SD=4740 counts 
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Figure 19. Composite figure depicting the uptake of 14c-tyrosine at all 
levels of dibutyryl cyclic N1P added as compared to the 
control reaction. 
As with the tyrosine experiments, addition of labelled leucine 
to a haemocyte preparation resulted in net uptake of leucine into 
the cells (figure 20). However, when a certain concentration of 
leucine within the cell was attained, the uptake slowed to reveal 
little change as the time course lengthened. 
The addition of 10-4 M dibutyryl cyclic AMP to the reaction 
mixture caused an increase in the level of labelled leucine taken 
53 
into the cell (figure 21), but did not enhance the levels of transport 
as the incubation time progressed. In the same manner, the addition 
of 10-J M dibutyryl cyclic AMP (figure 22) and 10-2 M dibutyryl cyclic 
AMP (figure 23) caused a net increase in initial transport as � 
function of their concentration, but caused little increase in the 
concentration within the haemocyte after the "period of initial effects" 
was completed. A composite graph is shown in figure 24 to reveal the 
variance in uptake levels and the similarity of kinetics in each 
experimental plot. 
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Figure 20. The uptake of 14c-leucine by haemocytes versus time---
control reaction. CC=0.99J, SD=2120 counts 
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Figure 21. The uptake of 14c-leucine by haemocytes versus time in the 
-4 
' 
presence of 10 molar dibutyryl cyclic AMP. CC=0.978, 
SD= 1.545 counts 
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Figure 22. The uptake of 14c-leucine by haemocytes versus time in the 
presence of 10-3 molar dibutyryl cyclic Al1P. CC=0.896, 
SD=1702 counts 
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Figure 23. The uptake of 14c-leucine by haemocytes versus time in the 
presence of 10-2 molar dibutyryl cyclic AMP. CC=0.962 
SD=J112 counts 
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Figure 24. Composite figure for the uptake of iLI-C-leucine by haemocytes 
at all levels of dibutyryl cyclic AHP as compared to the 
control reaction. 
DISCUSSION 
The stimulation of adenyl cyclase by bursicon has long been 
an assumed but unmeasurable phenomenon. Vandenberg and Mills 
(1974;1975) revealed that the adenyl cyclase system was not 
only present in the insect haemocyte, but that bursicon's actions 
on the sclerotization process could be mimicked utilizing the 
dibutyryl derivative of adenosine J' ,5'-cyclic phosphate. 
Unfortunately, as attempts to correlate the release of bursicon 
with fluctuations in intracellular cyclic AMP levels were unsuccessful, 
it was felt that bursicon might be acting in another manner on the 
cells involved in sclerotization. The popular view being that 
bursicon did stimulate adenyl cyclase but also complexed with a 
second receptor to reverse this action almost as soon as it was 
begun. Reversal was thought to be accomplished by either stimulation 
of phosphodiesterase production and release or by "direction" 
of the cyclic AMP molecules to specific binding sites of high 
affinity located on the key enzymes of the sclerotization process. 
The results of the experiments presented in this work indicate 
that bursicon is indeed stimulating adenyl cyclase in the insect 
haemocyte (the location of the majority of enzymes involved in the 
sclerotization process) . Experimentation utilizing temperature 
depression exhibited a net increase in intracellular cyclic .AMP 
levels following treatment with bursicon. The inhibition of enzymatic 
activity by the lowered temperature was not complete, thus allowing 
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normal binding of the cyclic AMP to progress at a reduced rate. 
By comparison, the rapid protein binding of cyclic AMP in 
the studies carried out without temperature depression reflects the 
results obtained by many when they attempted measurement of adenyl 
cyclase activation by bursicon in other situations. Measurements 
which were carried out over an extended time course revealed that 
binding of induced and native cyclic AMP progressed until free 
cyclic AMP levels in the haemocytes of the bursicon-treated 
animals were below those of the controls. Simila� effects were 
observed using catecholamine stimulated cyclic AMP production. 
This point is r�ther significant in that it indicates a cascade 
effect in activation of binding proteins instead of a predetermined 
"direction" by bursicon of each cyclic AMP molecul_e induced to a 
_specific allosteric binding site. Indeed, the cyclic AMP induced 
may be binding to enzymes within the haemocyte which mediate the 
biochemical events of sclerotization, but it is also binding to 
other protein components which govern the length and magnitude of 
the processes activated by this second messenger. 
Further studies were undertaken to characterize the haemocyte 
proteins to which cyclic AMP becomes readily bound. Information 
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gained from these investigations revealed the majority of intracellular 
cyclic AMP becomes bound to proteins of molecular weight· in the range 
of sixty thousand daltons and above. This range includes protein 
kinase regulatory subunits and cyclic nucleotide phosohodiesterase 
as major suspect enzymes capable of binding cyclic AMP. Analysis 
of small molecular weight fractions isolated in these exoeriments 
revealed large amounts of adenosine 5'-monophosphate, the normal 
product of en�ymatic hydrolysis of cyclic AMP, thus substantiating 
the assumed presence of phosphodiesterase. This presence was 
further ascertained by inhibition of the enzyme and analysis of 
the metabolites found in the reaction mixture. With inhibition 
effected, the metabolite profile reverted from one containing 
primarily adenosine 5'-monophosphate and the free nucleoside 
adenosine (probably arising from 5'exonuclease activity), to one 
where cyclic AMP was identified unchanged in significant quantities. 
Bursicon treatment of haemocyte preparations utilized in 
these binding reactions caused a reduction of measurable cyclic 
AMP metabolites, probably due to competition by induced native 
forms for binding sites previously occupied by the radioactive 
form introduced to facilitate analysis. 
An interesting note is the identification of adenosine 
5'-diphosphate in the reaction mixtures incubated for extended 
periods of time. This nucleotide apparently arises from the cell's 
attempts to retain high energy molecular forms. In the preparations 
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used, enzyme systems would retain activity, although the high reaction 
velocity resulting from close association would not. be present. 
The most plausible scheme for the appearance of adenosine 5'-
diphosphate is as follows: 
*AMP+ 
Obviously, a result of the 
M�++ - '6 *. ATP � ADP + ADP 
transp�osphorylase reaction, 
Activation of protein kinase exists as a valid mode for the 
action of cyclic AMP induced by bursicon. In 1970, Mills and 
Whitehead observed an enhancement of tyrosine uptake into the haemo-
cytes of Periplaneta americana following treatment with bursicon. This 
work was later substantiated by Post (i972). Following the accepted 
theory of permeability enhancement by a hormone, bursicon would be 
stimulating protein kinase and through its actions, increasing the 
permeability of the haemocyte membrane. Protein kinase is activated 
by the binding of cyclic AMP to its regulatory subunit, a protein 
of about 55,000 daltons. The binding of cyclic AMP to the regulatory 
subunit causes dissociation of the catalytic subunit of protein 
kinase. The catalytic subunit is capable of phosphorylating a 
seryl or threonyl hydroxyl located on a membrane protein, thus 
increasing permeability to various molecules utilized in the cell. 
Experimentation in this area utilized the dibutyryl derivative 
of cyclic AMP in an attempt to mimic the actions of bursicon on 
membrane permeability to amino acids, specifically tyrosine and 
leucine. 
Addition of the dibutyryl derivative of cyclic AMP caused a 
net increase in transport of tyrosine and leucine into the haemocyte. 
It is interesting to note that concentrations of the amino acids 
inside of the cell reached a maximum for each level of dibutyryl 
cyclic AMP added and remained at that stage with little regard for 
time. This indicated that uptake would not only be dependent upon 
the concentrations and solubilities of transported substances, but 
even more on the amount of stimulating substance present in the 
surrounding medium. 
The mimicking of bursicon's actions by dibutyryl cyclic AMP 
not only underscores the fact that protein kinase exists in the 
haemocyte, but that it is in a form possessing a high affinity 
for cyclic AMP binding. The rapid and enhanced uptake of the amino 
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acids when the haemocyte is stimulated by dibutyryl cyclic AMP 
attests to the latter fact. 
Reflecting on the results of these studies, it becomes 
apparent that bursicon is indeed eliciting its actions on the 
haemocyte by stimulation of the adenyl cyclase system. The system, 
once activated, produces large amounts of cyclic AMP in an effort 
to carry out the hormonal "commands". .The cyclic AMP produced in 
the haemocyte is rapidly bound to proteins which may require its 
mediation for their successful function. However, in an effort 
to limit it's own activity and preserve the haemocyte and its 
enzyme systems, the cyclic AMP appears to stimulate a cascade 
release and activation of cyclic nucleotide phosphodiesterase. 
The release of phosphodiesterase is in sufficient quantities to 
quell the activity of not only induced cyclic AMP, but also that of 
native cyclic AMP molecules present for other purooses (Figure 25). 
Although the studies delineated in this work provide a glimpse 
of the mode of action of bursicon, many other avenues are desparately 
in need of investigation. 
The nature of the phosphodiesterase and the mechanism of its 
activation stand paramount in the realm of further experimentation, 
as does the investigation and characterization of the protein kinase 
involved in the elicited actions. 
Due to the relative insolubi�ity of tyrosine, a thorough knowl­
edge of the mechanisms regulating·its uptake could lead to manipu­
lations which would allow the haemocyte to poison itself when 
exposed to bursicon. This small thought, along with possible 
alteration of the bursicon response by analog, may in time prove 
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beneficial in control and/or study of our age old friend, the 
cockroach. 
Figure 25. Diagrammatic representation of the action of bursicon on 
the haemocyte with resultant protein interactions of the 
cyclic AMP induced. 
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